fifteen patients with idiopathic adolescent scoliosis. The individual reductions in stability were greater in the younger patients and no reduction was found in two patients aged 19 years who had a mature skeleton.
4. The mean stability of polymeric skin collagen from the group of patients with Marfan's syndrome was not significantly abnormal, although there were individual low values.
5. Polymeric collagen of low stability was present in individual patients from each clinical group. Instability of collagen (from whatever cause) at a time of rapid growth may contribute to the high incidence of scoliosis in adolescent girls. In boys, adolescent scoliosis is less common and the maximum growth rate occurs at a time when collagen stability is less reduced.
Introduction
There are many known causes of scoliosis (British Medical Journal, 1975) but together they account for only a small fraction of the patients with this common disorder. In most patients who develop scoliosis during the rapid growth of adolescence, the cause is obscure. Clinical studies (Willner, 1974) and measurement of urinary total hydroxyproline (Zorab, Clark, Cotrel & Harrison, 1971 ) suggest that such patients have an abnormally rapid growth and collagen turnover. It is not possible to say whether these abnormalities are independent or related to each other, or to what extent they are inherited (Riseborough & Wynne-Davies, 1973 ). There are, however, some inherited disorders of connective tissue in which marked scoliosis is a feature, such as homocystinuria (Francis, Smith & Macmillan, 1973 ; Kang & Trelstad, 1973) , severe osteogenesis imperfecta (Smith, Francis & Bauze, 1975 ) and hydroxylysine-deficient collagen disease (Pinnell, Krane, Kenzora & Glimcher, 1972) , and in which abnormalities of collagen have been demonstrated. Such disorders may provide clues to the investigations of the idiopathic form.
Methods are now available for the extraction and examination of undenatured, cross-linked fibrous or polymeric collagen from skin (Francis et al., 1973) , as well as measurement of the relative amounts of the different forms of collagen (Sykes, 1976) . Since the skin is easily accessible and contains predominantly type I collagen, as does bone, we have measured the stability of polymeric collagen extracted from this tissue to alkali or to pronase followed by thermal denaturation in patients with idiopathic adolescent Smith et al., 1975) . Our results show that polymeric collagen stability is low in idiopathic adolescent and congenital scoliosis and suggest that scbliosis in these conditions could arise from or be accentuated by abnormal extracellular maturation of collagen fibres.
Patients and methods
Skin specimens from thirty-one subjects aged 8-39 years (sixteen male and fifteen female) were used as controls. Thirteen came from persons who had died suddenly in road traffic accidents and seven from patients dying from other causes, excluding connective tissue disease. Seven more came from patients undergoing elective surgery, and four were elective skin biopsies from patients with no evidence 0f.a generalized disorder. Of the patients, fifteen had idiopathic adolescent scoliosis (Table l) , nine had Marfan's syndrome, four had only some of the features of Marfan's syndrome, here referred to as 'marfanoid', one had congenital contractural arachnodactyly (Beak & Hecht, 1971) ( Table 2 ) and three had congenital scoliosis (Table 3 ). All the patients with adolescent scoliosis were within 2 SD of height and weight for age and sex, except patient no. 2, who was excessively tall. Bone ages were within 18 months of the chronological age, except in case nos. 8, 11 and 13 (bone age 2 years less), and case nos. 2 and 9 (bone age 2 years more than chronological age). The family history is based on enquiry only and first-degree relatives were not X-rayed for evidence of scoliosis. The average maternal age was 29 years. The diagnosis of Marfan's syndrome was based on the presence of some or all (case nos. 22 and 23) of the recognized features (McKusick, 1972) . It is impossible to exclude completely other diagnoses, especially where there is no evidence of dominant inheritance (case nos. 19-21) .
In' all patients the urine was negative for homocystine by thenitroprusside test (Schimke, McKusick, Huang & Pollack, 1965) . Where possible, fullthickness skin biopsies were taken immediately behind the greater trochanter (Francis et al., 1973) . Otherwise they were taken from the operative site, as in the twenty-two patients who had spinal fusion (case nos. 1-15, Table 1 ; nos. 19-21, 26, Table 2; nos. 30-32, Table 3 ). In all elective biopsies taken during life, informed consent was obtained and the procedure was approved by the local Ethics Committee.
Skin specimens were stored at -20°C until analysed. A small sample of about 10 mg wet weight was taken for analysis of total skin collagen and, from the remainder (up to 300 mg wet weight), soluble and polymeric collagen fractions were extracted (Francis & MacMillan, 1971 ; Francis et al., 1973) . This method involves an initial extraction with NaCl soh. (50 g/l) to yield a soluble collagen fraction and subsequently successive incubations with phosphate buffer (0.2 mol/l, pH 5.2) and water. The collagenous residue is treated with water for 18 h at room temperature and then homogenized in acetic acid (0.2 mol/l); the resulting suspension is centrifuged for 10 min at 300 g. The supernatant contains dispersed polymeric collagen, which is precipitated by addition of NaOH (1 mol/l) to pH 6-7 to yield an insoluble fibrous or polymeric collagen fraction; this comprises 6045% of the original total skin collagen. The resistance of this polymeric fraction to depolymerization either by pronase for 18 h at 20-22"C, followed by thermal denaturation for 1 h at 100°C, or by NaOH (2 mol/l) at 2 4°C for 6 days, is then measured and results are expressed as the percentage of the initial collagen sample remaining insoluble after the depolymerization treatment (Francis & MacMillan, 1971) . Collagen was estimated by measurement of hydroxyproline content and multiplication of this by 7.1 (Francis & MacMillan, 1971) . 
Results

Total skin collagen
Total collagen in skin from the thigh, expressed as a mean percentage of fat-free dry weight of skin, was 58 +_ 15.5 ( 5 2 SD; n = 12) in control subjects aged 8-25 years, and 60.5c12.5 (n = 7) in those aged 26-39 years. None of the skin samples from the thighs of patients contained amounts of total collagen outside these limits. The skin from the back of patients with idiopathic and congenital scoliosis, and case nos. 19-21 and 26, contained 66&21.5% (n = 22) collagen. Total collagen in case no. 3, included in this group, was only 42%.
Salt-soluble collagen
In control subjects, the proportion of collagen soluble in 5% NaCl soln. at pH 7.0, expressed as a percentage of total skin collagen, was 0.6 k0.8
(n = 16) in the age range 8-25 years and 0.3 +05
(n = 8) in the age range 26-39 years. Again case no. 3 had the only abnormal value, with 2.3 % salt-soluble collagen; the value of 1.3% (case no. 2) was just within the normal range.
Polymeric collagen stability
Idiopathic scoliosis. The stability of polymeric collagen changes rapidly between the ages of 12 and 19 years and in a complex way. For this reason the group of patients with idiopathic adolescent scoliosis have been compared with a control group of similar age distribution.
The mean stability of polymeric collagen from all patients with idiopathic adolescent scoliosis was significantly less than in control subjects (group A; Table 4 ). However, the two patients with a mature skeleton had polymeric collagen of normal stability (case nos. 14 and 15; Fig. 1) . In general, the younger patients had polymeric collagen of least stability. Skin from patients nos. 2 and 3 was exceptionally unstable ( Fig. 1 ; stability more than 4 SD lower than that of matched controls on both tests) whereas that from patients nos. 5 and 9 was also unstable in both tests ( Fig. 1 ; stability more than 3 SD below matched controls). This instability of collagen in younger scoliotic patients (group B) is emphasized by a comparison with young control subjects of a comparable age (group B, Table 4 ) and the juvenile patients with Marfan's syndrome.
Marfan's syndrome
The stability of polymeric collagen from these patients to cold alkali or pronase digestion overlapped the normal range; only one patient had very unstable collagen (no. 19, Fig. la , stabilitymore than 3 SD below normal). The polymeric collagen in the juvenile group (between ages 9 and 14 years) showed no evidence of a significant decrease in stability on exposure to cold alkali but was significantly less stable than the control group after pronase and thermal denaturation. Compared with the group B patients ( Table 4 ) with idiopathic scoliosis, the polymeric collagen of this juvenile group of patients with Marfan's syndrome was significantly more resistant (Table 4) to depolymerization.
The stability of the polymeric collagen from the three adults with Marfan's syndrome fell within the normal range.
Marfanoid syndrome and congenital contractural arachnodactyly (CCA)
In this ill-defined group low stabilities were found, which were also present in the only adult patient (no. 28). The adult with CCA has collagen of normal stability.
Congenital scoliosis (hemivertebrae)
Polymeric collagen was of especially low stability in case no. 30 (Fig. 1, a and b) ; in the other two patients with this anomaly (case nos. 31 and 32), any change in stability was not obvious.
Discussion
Collagen molecules will spontaneously aggregate to form fibres indistinguishable on electron microscopy from those present in connective tissues. However, such fibres have little or no tensile strength. This is introduced in vivo by the formation of specific chemical cross-links between adjacent collagen molecules of the extracellular fibres. These crosslinks have been identified and their number in a sample of a connective tissue can be measured (Grant & Prockop, 1972; Bailey, Robins & Balian, 1974) . Unfortunately these cross-links are modified during maturation of connective tissue and therefore any method for their analysis must be indirect. Measurements of polymeric collagen stability provide one such method (Francis et al., 1973; Smith et al., 1975) . We consider that decreases in polymeric collagen stability reflect a similar decrease in the number or types of collagen cross-links.
Scoliosis is one of the striking factors of experimental osteolathyrism, a condition which induces defective collagen cross-linking (Borrow, Simpson & Miller, 1974) and of some of those human disorders in which inherited collagen abnormalities have been demonstrated (Bailey et al., 1974) . Hitherto, direct examination of human tissues has not-suggested that collagen is abnormal in most forms of scoliosis. Thus Nordwall (1973 Nordwall ( , 1974 did not find any difference from normal in the shrinkage temperatures of collagen from the tendons of the erector spinae muscles of patients with idiopathic scoliosis compared with those with non-idiopathic scoliosis, and Ponseti (1968) found that the hydroxyproline content of iliac crest cartilage from patients with scoliosis was normal. In contrast our results demonstrate defective stability of skin collagen in scoliosis.
The patients with adolescent idiopathic scoliosis showed the characteristic clinical features with onset in adolescence, with predominance in girls, and with no detectable cause. We have lowered the accepted limit of age of onset of the adolescent group to below 10 years to include two patients (nos. 1 and 3) in whom the scoliosis appeared to begin before this age, since there seemed no reason to exclude them. In our patients the approximate age of onset was related to the age of menarche, and presumably associated with a phase of rapid growth (although we do not have sufficient data for individual heightlgrowth velocity curves). I n only one patient (no. 2) was the height more than 2 SD above the mean height for that age.
Individual decreases in the stability of extracted skin polymeric collagen were relatively greatest in the youngest patients and the polymeric collagen stability of the two patients with a mature skeleton (case nos. 14 and 15) was normal. These results imply that cross-link formation and maturation is most abnormal in the younger scoliotic patients. This temporary instability of collagen could be related to the growth abnormality of adolescent scoliotic girls, described by Willner (1974) , which is most marked in the youngest subjects. Willner (1974) showed that prescoliotic girls grew significantly more rapidly than age-matched control subjects during their eighth and ninth years but not from the tenth year; and the standing height of pre-scoliotic girls and the corrected and uncorrected height of girls with adolescent scoliosis was significantly greater than in control subjects from 11 to 18 years.
The causes of abnormal collagen cross-linking are many (Grant & Prockop, 1972; Borrow et al., 1974; Bailey et al., 1974) and it is not possible to distinguish between them. However, the increased proportion of soluble collagen and the low total collagen in case no. 3, and less strikingly in case no. 2, suggest a primary defect in collagen cross-linking in these patients, whereas in the remaining patients this defect may rather be secondary to other hormonal or developmental disturbances.
Idiopathic scoliosis is associated with the adolescent growth spurt, which is approximately 2 years later in boys than in girls (Tanner, Whitehouse & Takaishi, 1966) , and which affects the spine more than the limbs. Although it is logical that scoliosis should develop during rapid growth (and perhaps surprising that it does not develop more often), there is no good explanation for the fact that the largest proportion of adolescent scoliotic subjects are girls and that boys do not develop scoliosis at the same rate as girls during their maximum velocity of growth. Although hormonal factors and the difference in musculature between the sexes must be important,we would suggest that it is thecombination of rapid growth and temporarily unstable collagen which predisposes to the higher incidence of scoliosis in girls than boys.
This can only remain a suggestion because we do not know the characteristics of the collagen at the time of onset of scoliosis, and the skin specimens have been taken from 1 to 9 years after its apparent onset. It does appear, however, that, when the collagen was examined in scoliotic patients with mature skeletons, it was not unstable and that whether or not collagen stability was previously abnormally reduced, this reduction is only temporary.
It is often assumed that congenital scoliosis associated with vertebral anomalies results directly from them. If this is true, patients with hemivertebrae producing a small kink in the spine might be expected to develop a severe curve by the end of the growth period, but this is not necessarily the case (Manning, 1976) . The present data suggest that, as in adolescent idiopathic scoliosis, a relative instability of collagen during the critical period of the adolescent growth spurt, when in this group the spinal deformity progresses most rapidly (Winter, Moe & Wang, 1973) , may contribute to the progression of scoliosis.
The evidence for an abnormality of collagen in Marfan's syndrome is not consistent (Grant & Prockop, 1972) . Some subjects may have an increase in hydroxyproline excretion, but the effect of age must be considered (Jones, Bergman, Kittner & Pigman, 1964) . The collagen of the skin (Laitinen, Uitto, Iivanainen, Hannuksela & Kivirikko, 1968) and that produced by fibroblasts from patients with this disorder may be abnormally soluble (Priest, Moinuddin &Priest, 1973) , but not all workers have been able to confirm this (Martin, Layman, Narayanan, Nigra & Siegel, 1971) . There are no dramatic changes in lysyl oxidase activity or in specific collagen cross-links (Bailey et al., 1974) .
Except in typical cases the clinical diagnosis of Marfan's syndrome is difficult, and we have therefore listed the features in each patient. In the adolescent years those patients who had scoliosis appeared to have a less-stable collagen than those without but no patients with Marfan's syndrome showed the very unstable collagen of the idiopathic group, and in the three adults with Marfan's syndrome none showed any marked abnormality.
The remaining patients studied are included because they were thought to show some of the features of Marfan's syndrome, mainly arachnodactyly and a high arched palate. Except in extreme cases these are signs which are difficult to be certain of, and this group is probably heterogeneous. Nevertheless the collagen appears to be very unstable in patients nos. 25 and 27; no. 25 did not have scoliosis, and no. 27 only a kyphosis. Patient no. 26 with scoliosis and an affected sibling may have a recessively inherited disorder. The patient with congenital contractural arachnodactyly did not have a scoliosis; this disorder was also present in her two children. The cause of this dominantly inherited disorder is unknown; it has some features of Marfan's syndrome with contractures (Brenton, DOW, James, Hay & Wynne-Davies, 1972) .
This study has provided evidence, from tissue analysis, of abnormal collagen in the commonest form of scoliosis, and it will now be necessary to identify the abnormality by more sophisticated methods.
